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ABSTRACT 

Design problems on t h e  75 w a t t  e l e c t r o l y t i c a l l y  r e g e n e r a t i v e  

f u e l  c e l l  were c o r r e c t e d  du r ing  t h i s  r e p o r t  p e r i o d .  The 7 5  w a t t  

u n i t  was s u c c e s s f u l l y  con t inuous ly  c y c l e d  a t  l e v e l s  t o  90 watts.  

Performance d a t a  and d e t a i l s  o f  s i n g l e  and m u l t i - c e l l  u n i t s  a re  

p r e s e n t e d  

4 1 10 -24 -2 i 
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1. SUMMARY 
Design problems uncovered d u r i n g  t h e  f i r s t  h a l f  o f  1964, were 

thoroughly e v a l u a t e d  and e l i m i n a t e d  d u r i n g  t h i s  r e p o r t  p e r i o d .  A 

s i n g l e  c e l l  u n i t  and two s ix  c e l l  u n i t s  were f a b r i c a t e d  d u r i n g  t h i s  

t i m e .  The s i n g l e  c e l l  u n i t  was b u i l t  t o  e s t a b l i s h  optimum d e s i g n  

c h a r a c t e r i s t i c s  and t o  e v a l u a t e  t h e  e f f e c t  o f  changes i n  such 

c o n t r o l l a b l e  v a r i a b l e s  a s  t h e  a s b e s t o s  m a t r i x  ( t y p e ,  compression,  

and e l e c t r o l y t e  c o n t e n t )  , temperature  , c h a r g e  r a t e ,  d i s c h a r g e  r a t e  

and e l e c t r o d e  c a t a l y s t  loading.  A s  a r e s u l t  o f  c a r e f u l  r e d e s i g n  

and s i n g l e  c e l l  t e s t i n g ,  the 75 w a t t ,  6 c e l l  u n i t  was s u c c e s s f u l l y  

cyc led  o v e r  a n  extended t i m e  per iod.  Performance l e v e l s  a c h i e v e d ,  

exceeded t h e  nominal o u t p u t  l e v e l s .  Subsequent c y c l i n g  on t h e  same 

u n i t  i n d i c a t e d  t h a t  l e v e l s  > 90 wa t t s  cou ld  be  o b t a i n e d ,  and t h a t  by 

i n c r e a s i n g  t h e  o p e r a t i n g  temperature  from 70 C t o  = 125 C ,  o u t p u t s  

approach ing  120 wa t t s  a r e  o b t a i n a b l e .  

0 0 

The pr imary f a c t o r s  r e s u l t i n g  i n  t h e  g r e a t l y  improved performance 

and r e l i a b i l i t y  were a s  follows: 
2 

1. I n c r e a s e d  e l e c t r o d e  c a t a l y s t  l o a d i n g  from 10 mg/cm t o  
2 20 m$cm . 

2.  Improved b i p o l a r  p l a t e  d e s i g n .  

3 .  Use .of f u e l  c e l l  grade a s b e s t o s  i n s t e a d  o f  e l e c t r o l y t i c  o r  

commercial g rades .  

4 .  Improved volume compensation be l lows  d e s i g n .  

Performance d a t a  and d e t a i l s  of t he  s i n g l e  and m u l t i - c e l l  d e s i g n s  a r e  

p r e s e n t e d  w i t h i n  t h e  r e p o r t .  

4110-24 -2 1 



2 .  INTRODUCTION 

This r e p o r t  r ev iews  t h e  p r o g r e s s  made on t h e  development o f  a 

r e g e n e r a t i v e  hydrogen-oxygen f u e l  c e l l  under  NASA C o n t r a c t  3-2781 , 
d u r i n g  t h e  p e r i o d  1 J u l y ,  1964 t o  31 December 1964. The program 

o b j e c t i v e  i s  t h e  development o f  a n  e l e c t r i c a l l y  r e g e n e r a t i v e  

hydrogen-oxygen f u e l  c e l l  t h a t  w i l l  b e  s u p e r i o r  i n  performance t o  

c u r r e n t l y  a v a i l a b l e  r e c h a r g e a b l e  b a t t e r i e s .  The d e v i c e  under  

development c o n s i s t s  o f  a c e l l  s t a c k  t h a t  i s  u t i l i z e d  b o t h  a s  a n  

e l e c t r o l y z e r  d u r i n g  c h a r g e  p e r i o d s  and as  a f u e l  c e l l  d u r i n g  d i s c h a r g e  

p e r i o d s .  I n t e g r a l  g a s  s t o r a g e  t anks  are  used t o  c o n t a i n  t h e  hydrogen 

and oxygen g a s  g e n e r a t e d  d u r i n g  cha rge .  Such a d e v i c e  o f f e r s  

advan tages  i n  t h e  a r e a  o f  w a t t  h o u r s  p e r  l b . ,  h i g h  ambient  tempera- 

t u r e  o p e r a t i o n ,  ( p l u s  t h e  a b i l i t y  t o  be  s t e r i l i z e d )  and g r e a t e r  

c y c l e  l i f e  t han  can  be  o b t a i n e d  from e x i s t i n g  secondary  b a t t e r i e s .  

A two phase program i s  b e i n g  conducted. Phase I c o n s i s t e d  o f  

t h e  d e s i g n ,  development and t e s t i n g  o f  a nominal 75 w a t t ,  44 w a t t -  

h o u r ,  6 c e l 1 , u n i t  t o  demons t r a t e  t h e  f e a s i b i l i t y  of  a m u l t i - c e l l  

r e g e n e r a t i v e  dev ice .  During Phase I ,  emphasis w a s  p l a c e d  on deve lop -  

i n g  u s e f u l ,  r e l i a b l e  component d e s i g n s  and  e x p e r i m e n t a t i o n  t o  

de t e rmine  i.f u n f o r e s e e n  chemica l  and e l e c t r o c h e m i c a l  d i f f i c u l t i e s  

might  d e v e l o p . u s i n g  t h e s e  components. 

i s  t h e  design and development o f  a 500-1000 w a t t ,  600 w a t t - h o u r ,  

34 c e l l ,  minimized we igh t  u n i t ,  f o r  e v a l u a t i o n  a s  a f l i g h t  p r o t o t y p e .  

The ma jo r  o b j e c t i v e  of  Phase I1 

4 110 -24 -2 2 
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3.  TECHNICAL DISCUSSION 

A s  a r e s u l t  of  thermochemical r e a c t i o n  problems encoun te red  d u r i n g  

t h e  p rev ious  semi-annual r e p o r t  p e r i o d  , a thorough review and a n a l y s i s  

of t h e  o r i g i n a l  d e s i g n  and o p e r a t i n g  pa rame te r s  was made. T h i s  review 

r e s u l t e d  i n  e s t a b l i s h i n g  c e r t a i n  a r e a s  where new i n f o r m a t i o n  w a s  

r e q u i r e d  and where new d e s i g n  p r i n c i p l e s  had t o  be employed. The 

fo l lowing  s e c t i o n s  d i s c u s s  i n  d e t a i l  t h e  i n f o r m a t i o n  o b t a i n e d ,  t h e  

d e s i g n s  a r r i v e d  a t ,  and t h e  t e s t  r e s u l t s  o b t a i n e d  u s i n g  t h i s  d a t a .  

3 . 1  Asbes tos  S t u d i e s  

There a r e  t h r e e  major c r i t e r i a  gove rn ing  t h e  u s e  o f  porous 

a s b e s t o s  a s  t h e  s e p a r a t o r  m a t e r i a l  i n  t h e  r e g e n e r a t i v e  f u e l  c e l l .  

F i r s t ,  i t  m u s t  have low p o r o s i t y  t o  H and 0 g a s e s ,  second i t  m u s t  

e x h i b i t  h igh  e l e c t r o l y t e  a b s o r b t i v i t y ,  and t h i r d  i t  m u s t  have s t r u c t u r a l  

and chemical  s t a b i l i t y .  Three t y p e s  o f  a s b e s t o s  have been i n v e s t i g a t e d  

t o  determine t h e i r  a b i l i t y  t o  meet t h e  f i r s t  c r i t e r i o n .  These t y p e s  

were (a) commercial g rade  ( b )  e l e c t r o l y t i c  g r a d e  and ( c )  f u e l  c e l l  

g rade .  Commercial a s b e s t o s  i s  h i g h  i n  impur i ty  c o n t e n t ,  e x h i b i t s  h i g h  

p o r o s i t y  and wide v a r i a b i l i t y  i n  a b s o r b t i v i t y .  It  h a s  good s t r u c t u r a l  

s t a b i l i t y  however. The e l e c t r o l y t i c  g rade  h a s  i n t e r m e d i a t e  p r o p e r t i e s  

a s  t o  p u r i t y ,  and t h e  f u e l  c e l l  g rade  r e p r e s e n t s  t h e  h i g h e s t  p u r i t y  

m a t e r i a l  a v a i l a b l e  i n  bu lk .  

2 2 

I n  o r d e r  t o  p rov ide  some measure o f  t h e  r e l a t i v e  p o r o s i t y  

o f  t h e  v a r i o u s  g r a d e s  and t h e  e f f e c t s  o f  c e r t a i n  v a r i a b l e s  on t h i s  

p o r o s i t y ,  a s e r i e s  o f  l eakage  ra te  t e s t s  have been conducted. C e r t a i n  

o f  t h e s e  t e s t s  and t h e  t e s t  procedure have been r e p o r t e d  p r e v i o u s l y .  

Fo r  c l a r i t y  i n  t h i s  p r e s e n t a t i o n ,  we have inc luded  d a t a  from r e f e r e n c e  1 

where p e r t i n e n t  t o  t h e  d i s c u s s i o n .  I t  m u s t  be emphasized t h a t  t h e  d a t a  

p r e s e n t e d  h e r e i n  i s  f o r  comparat ive pu rposes  o n l y ,  and i s  n o t  meant 

t o  be used € o r  p e r m e a b i l i t y  computations on a n  a b s o l u t e  b a s i s .  

( 1) 
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One of t h e  f a c t o r s  governing a s b e s t o s  l eakage  ra te  i s  t h e  

deg ree  t o  which i t  m u s t  be compressed t o  p r e v e n t  g a s  l eakage .  T h i s  

leakage can  occur  both through and around t h e  edge o f  t h e  a s b e s t o s  

m a t r i x .  Low d e g r e e s  o f  compression p e r m i t  t h e  s t o r a g e  o f  r e l a t i v e l y  

l a r g e  amounts o f  water, b u t  the r e s u l t i n g  m a t r i x  i s  more s u s c e p t i b l e  

t o  g a s  l eakage .  The r e v e r s e  i s  t r u e  f o r  h igh  d e g r e e s  o f  compression.  

I n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t  o f  compress ion ,  a series of  g a s  

l eakage  t e s t s  was conducted.  

Data o b t a i n e d  wi th  commercial g r a d e  a s b e s t o s  are  shown on 

F i g u r e  1. Compression r a t i o s ,  i . e .  , t h e  i n i t i a l j f i n a l  a s b e s t o s  

t h i c k n e s s ,  were v a r i e d  bdtween 7 1 6  and 7 / 3 .  I n i t i a l  a s b e s t o s  t h i c k n e s s ,  

i . e . ,  p r i o r  t o  compression was * 0.070 i n c h e s .  The type o f  c u r v e  

p r e s e n t e d  on F i g u r e  1 i s  s imilar  t o  t h a t  p r e s e n t e d  i n  F i g u r e  2 showing 

t h e  e f f e c t  o f  e l e c t r o l y t e / a s b e s t o s  we igh t  r a t i o s  on l eakage  ra te .  

i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  7 / 4  compression r a t i o  a p p e a r s  t o  be  

t h e  optimum f o r  commercial grade.  One might  e x p e c t  t h e  7 1 3  r a t i o  t o  

show l e s s  l e a k a g e ,  b u t  a p p a r e n t l y ,  a t  t h e  7 1 3  v a l u e ,  a n  a p p r e c i a b l e  

q u a n t i t y  o f  t h e  e l e c t r o l y t e  i s  squeezed o u t  o f  t h e  a s b e s t o s ,  i n c r e a s i n g  

t h e  p e r m e a b i l i t y  somewhat over  t h e  7 / 4  v a l u e .  

I t  

I n  a d d i t i o n  t o  compression r a t i o  t es t s ,  a d d i t i o n a l  l eakage  

ra te  expe r imen t s  were c a r r i e d  o u t  u s i n g  e l e c t r o l y t i c  and f u e l  c e l l  

grade a s b e s t o s .  R e s u l t s  o f  these and d a t a  from r e f e r e n c e  1 on t h e  

commercial g rade  are  shown on F i g u r e s  3 ,  4 and 5 .  With t h e  e x c e p t i o n  

o f  t h e  0.015". t h i c k  f u e l  c e l l  g r a d e ,  t h e  l eakage  ra tes  of b o t h  

e l e c t r o l y t i c  and f u e l  c e l l  grades a r e  much lower t h a n  t h a t  e x h i b i t e d  

by commercial a s b e s t o s .  L o g i c a l l y ,  t he  l eakage  r a t e  could be expec ted  

t o  be a n  i n v e r s e  f u n c t i o n  o f  t h e  t h i c k n e s s .  However, t he  d a t a  i n d i c a t e s  

d e f i n i t e  anomal i e s  i n  t h i s  regard.  There a re  a number o f  p o s s i b l e  

e x p l a n a t i o n s  f o r  t h e s e  d e v i a t i o n s  from l o g i c  such a s  (a) v a r i a t i o n s  i n  

p r o c e s s i n g  invo lved  t o  o b t a i n  i n d i v i d u a l  t h i c k n e s s e s ,  (b) b a t c h  t o  

b a t c h  d i f f e r e n c e s ,  i .e .  , n o n - r e p r o d u c i b i l i t y  o f  t h e  a s b e s t o s  (c) 

u n c o n t r o l l e d  expe r imen ta l  parameters  and (d) a combinat ion of t h e  f i r s t  

t h r e e .  S i n c e  t h e  t e s t  procedure i s  so  s i m p l e ,  and i n  t h e  m a j o r i t y  o f  
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t h e  t e s t s  f a i r l y  r e p r o d u c i b l e ,  w e  f e e l  t he  anomal i e s  a r e  a n  i n h e r e n t  

problem o f  t h e  a s b e s t o s  manufactur ing p r o c e s s .  This i s  emphasized by 

t h e  d a t a  o f  F i g u r e  6 ,  showing the e f f e c t  o f  m u l t i p l e  l ayers  o f  f u e l  

c e l l  g rade  a s b e s t o s  on l eak  r a t e .  Here, one would e x p e c t  l eakage  

ra tes  through m u l t i p l e  l a y e r s  of e q u a l  t o t a l  t h i c k n e s s  t o  be n e a r l y  

e q u a l  o r  perhaps have lower leakage ra tes  f o r  more l a y e r s  o f  mater ia l .  

However, t h i s  i s  n o t  i n d i c a t e d .  

Rega rd le s s  o f  t h e  leakage ra tes  shown, t h e  i m p o r t a n t  parameter 

a s  f a r  a s  l eakage  i s  concerned i s  t h e  p re s su re  a t  which l eakage  

i n i t i a l l y  o c c u r s .  We c a l l  t h i s  p o i n t  t h e  b reakover  p r e s s u r e .  I t  

v a r i e s  c o n s i d e r a b l y  between grades o f  a s b e s t o s ,  b u t  t h e  t r e n d  i s  a s  

f 0 1 lows : 

Grade Brea kove r P r e s s u r e  -p s i a  
Commercia 1 6-12 

10 -20 Elec t r o  1 y t i c  

Fuel  C e l l  20-40 ( o t h e r  t h a n  0.015" th i ck )  

V a r i a t i o n s  i n  compression and e l e c t r o l y t e  c o n t e n t  w i l l ,  o f  c o u r s e ,  

s h i f t  t h e s e  v a l u e s  somewhat. However, i t  i s  e v i d e n t  t h a t  r e l a t i v e l y  

l a r g e  d i f f e r e n t i a l s  can be s u s t a i n e d  a c r o s s  t h e  v a r i o u s  t y p e s  o f  

a s b e s t o s ,  and t h a t  t h e  f u e l  c e l l  g rade  i s  s u p e r i o r  t o  t h e  o t h e r  two. 

3.2 Design Details o f  t h e  7 5  Watt U n i t  

The p r e s e n t  d e s i g n  c o n t a i n s  c e r t a i n  changes from t h e  d e s i g n  

p r e v i o u s l y  e v a l u a t e d  and r e p o r t e d  i n  (1). 

improve r e l i a b i l i t y  and performance and are  l i s t e d  below. 

These changes were made t o  

1. Replacement o f  the rubbe r  p r e s s u r e  b a l a n c i n g  diaphragm 

by a s t a i n l e s s  s t e e l  be l lows .  

2. I n c o r p o r a t i o n  o f  a n  improved b i p o l a r  p l a t e  c o n t a i n i n g  

a n  i n t e g r a l  g a s  p o r t  seal .  

I n c o r p o r a t i o n  of  improved g a s  d i s t r i b u t i o n  by e l i m i n a t i o n  

o f  b i p o l a r  p l a t e  e x t e r n a l  d r i l l  h o l e s .  

3 .  

4 .  E l i m i n a t i o n  of  thermal s t o r a g e  t anks .  

5. I n c o r p o r a t i o n  of u n i p o t e n t i a l  tankage.  
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Each of  t h e s e  changes h a s  been made a l o n g  w i t h  o t h e r  

m o d i f i c a t i o n s  t o  s i m p l i f y  f a b r i c a t i o n  and a s sembly ,  i n c r e a s e  g a s  

p o r t i n g  a r e a  t o  t h e  p r e s s u r e  b a l a n c i n g  b e l l o w s ,  and t o  minimize t h e  

h a z a r d s  involved i n  t e s t i n g .  F i g u r e  7 shows a photo of  t h e  assembled 

75 wat t  u n i t  and F i g u r e  8 shows a n  assembly drawing o f  t h e  u n i t  g i v i n g  

d e t a i l s  o f  i n t e r n a l  c o n s t r u c t i o n .  

A s  i n  t h e  p rev ious  75 w a t t  model,  s i x  series connected c e l l s  

u s i n g  6-inch d i a m e t e r  e l e c t r o d e s  have been employed. However , t h e  

e l e c t r o d e s  p r e s e n t l y  b e i n g  used c o n t a i n  20 mg/cm 

than  10 mg/cm a s  used p r e v i o u s l y .  Two t y p e s  of  c a t a l y s t  a re  b e i n g  

employed, namely 100 p e r c e n t  p l a t inum and 50 p e r c e n t  platinum/50 

p e r c e n t  palladium. The l a t t e r  type a r e  used i n t e r c h a n g e a b l y  w i t h  t h e  

former a s  oxygen e l e c t r o d e s  w i t h  no a p p a r e n t  change i n  c a t a l y t i c  

a c t i v i t y .  Fue l  c e l l  m i l l b o a r d  a s b e s t o s  has been used e x c l u s i v e l y  i n  

a l l  75 w a t t  assembly tes ts .  The mats a re  x 50 m i l s  t h i c k ,  weigh 

22 grams, and a re  compressed t o  40 m i l s  i n  t h e  c e l l  s t a c k .  Twenty-nine 

grams o f  40 p e r c e n t  KOH a re  added t o  t h e  m a t  a s  t h e  e l e c t r o l y t e .  

2 o f  c a t a l y s t  r a t h e r  
2 

Assembly i s  accomplished by s t a c k i n g  t h e  i n d i v i d u a l  b i - p o l a r  

p l a t e s  c o n t a i n i n g  t h e  e l e c t r o d e s  and a s b e s t o s  mats. A s t a i n l e s s  s t ee l  

b e l l o w s ,  which ac t s  a s  a volume compensation d e v i c e ,  i s  a t t a c h e d  t o  

the  oxygen end p l a t e .  Th i s  volume compensat ion i s  r e q u i r e d  f o r  two 

purposes ,  f i r s t ,  t o  c o r r e c t  any e r r o r s  i n  volume due t o  d e s i g n  o r  

machining e r r o r s ,  and second t o  compensate f o r  non s t o i c h i o m e t r i c  

e v o l u t i o n  0 f .H  and 0 d u r i n g  t h e  i n i t i a l  p o r t i o n s  of t h e  c h a r g e  and 

d i s c h a r g e  c y c l e .  Non s t o i c h i o m e t r i c  e v o l u t i o n  r e s u l t s  from e l e c t r o -  

chemical  o x i d a t i o n  t o  N i O  o f  u n c a t a l y z e d  p o r t i o n s  o f  t h e  n i c k e l  p l aque  

e l e c t r o d e  i n  c o n t a c t  w i t h  t h e  e l e c t r o l y t e .  On d i s c h a r g e ,  t h i s  n i c k e l  

o x i d e ,  amounting t o  approx ima te ly  30 amp. m i n u t e s  e q u i v a l e n t ,  i s  

reduced p r i o r  t o  t h e  consumption o f  gaseous  oxygen. ( S e c t i o n  3.6 

d i s c u s s e s  t h i s  f u r t h e r . )  

2 2 

Once t h e  c e l l  s t a c k ,  i n c l u d i n g  the b e l l o w s  i s  a s sembled ,  t h e  

n e g a t i v e  lead from t h e  h i g h  p r e s s u r e  f eed  th rough  i s  a t t a c h e d  t o  t h e  
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s t a c k ,  a l o n g  w i t h  a n  i ron -cons tan tan  thermocouple.  The i n t e g r a l  

t anks  a re  then  i n s t a l l e d  and b o l t e d  e x t e r n a l l y .  I n  o r d e r  t o  s i m p l i f y  

tank c o n s t r u c t i o n ,  both t h e  H and 0 t a n k s  were made i d e n t i c a l .  

Volume ad jus tmen t  was made by i n s t a l l i n g  two t e f l o n  s p a c e r s ,  one of  

which was a l s o  used a s  a bel lows e x t e n s i o n  s t o p .  

2 2 

3.3 S i n P l e  C e l l  Design 

I n  o r d e r  t o  e v a l u a t e  c e r t a i n  v a r i a b l e s  a f f e c t i n g  performance,  

a s i n g l e  c e l l ,  6- inch e l e c t r o d e  d i ame te r  f u e l  c e l l  was des igned  and 

f a b r i c a t e d .  T h i s  c e l l  c o n t a i n s  f e a t u r e s  s i m i l a r  t o  t h a t  used on t h e  

m u l t i - c e l l  u n i t ,  b u t  does not  c o n t a i n  a p r e s s u r e  b a l a n c i n g  mechanism. 

T h e r e f o r e ,  t he  H and O 2  tank volumes w i t h i n  the c e l l  had t o  be 

c a r e f u l l y  balanced p r i o r  t o  i t s  u s e  i n  t h e  r e g e n e r a t i v e  mode o f  

ope ra  t i o n .  

2 

The s i n g l e  c e l l  u n i t  c o n s i s t s  o f  two c i r c u l a r  p l a t e s  o f  monel 

c o n t a i n i n g  g a s  c a v i t i e s  i n  an approximate 2-1 volume r a t i o .  Machined 

i n t o  t h e s e  c a v i t i e s  a re  grooves f o r  e l e c t r o d e  back-up p l a t e s  and 

e l e c t r o d e s  o f  t he  same, i . e . ,  6- inch d i a m e t e r ,  t h a t  a r e  u t i l i z e d  i n  

t h e  m u l t i - c e l l  u n i t .  The two h a l v e s  a r e  b o l t e d  t o g e t h e r  by means o f  a 

ser ies  o f  b o l t s  a l o n g  t h e  pe r iphe ry .  S e a l i n g  i s  accomplished by t h e  

u s e  of  "0" r i n g s .  

t h e  two p l a t e s  t o  p r o v i d e  e l e c t r i c a l  i n s u l a t i o n  between t h e  p o s i t i v e  

and n e g a t i v e  s i d e s  o f  t h e  c e l l .  The i n s u l a t i n g  s p a c e r  t h u s  p r o v i d e s  

t h e  spac ing  between t h e  two p l a t e s  and a l s o  f i x e s  t h e  compression on 

t h e  a s b e s t o s  m a t r i x .  S ince  t h e  d i ame te r  o f  t h e  a s b e s t o s  matrix i s  

A g l a s s  r e i n f o r c e d  epoxy s p a c e r  i s  employed between 

somewhat l a r g e r  t han  t h e  6-inch e l e c t r o d e s ,  t h e  p e r i p h e r a l  edge o f  

t h e  m a t r i x  i s  compressed a g a i n s t  t h e  c e l l  h a l v e s  i n s i d e  t h e  i n s u l a t i n g  

s p a c e r ,  e f f e c t i v e l y  p reven t ing  l eakage  around t h e  a s b e s t o s .  Assembly 

i s  accomplished by s t a c k i n g  one  end p l a t e ,  back up p l a t e ,  e l e c t r o d e ,  

a s b e s t o s  m a t ,  second e l e c t r o d e ,  and second back-up p l a t e ,  and t h e n  

b o l t i n g  t h e  e n t i r e  assembly t o g e t h e r .  

C e r t a i n  f i t t i n g s ,  v a l v e s ,  and i n s t r u m e n t a t i o n  are  a t t a c h e d  

t o  each o f  t h e  chambers f o r  p r e s s u r e  measurement and f o r  f l u s h i n g  the 

u n i t .  Major c e l l  components were f a b r i c a t e d  o u t  o f  monel t o  minimize 
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c o r r o s i o n  problems. S i n c e  t h e  c e l l  does  n o t  c o n t a i n  a volume 

b a l a n c i n g  mechanism t o  assure  a 2-1 volume r a t i o ,  i t  was n e c e s s a r y  

t o  a d j u s t  the volumes by add ing  e x t e r n a l  t u b i n g  t o  t h e  c e l l .  The 

e n t i r e  c e l l  was se t  up i n  a n  oven t h a t  c o n t a i n e d  l e a d - i n s  f o r  e l e c t r i c a l  

and f l u s h i n g  gas connec t ions .  F i g u r e  9 shows a photo o f  t h e  assembled 

s i n g l e  c e l l  and F i g u r e  10 shows a n  assembly drawing o f  t h e  u n i t  g i v i n g  

d e t a i l s  o f  t h e  i n t e r n a l  c o n s t r u c t i o n .  

3.4 I n s t r u m e n t a t i o n  

For  b o t h  s i n g l e  and m u l t i - c e l l  t e s t s ,  r e a d o u t  and c o n t r o l  

i n s t r u m e n t a t i o n  h a s  been assembled i n  one t e s t  c a b i n e t  f o r  c o n s o l i d a -  

t i o n  and ease  o f  hand l ing .  The tes t  u n i t  now c o n s i s t s  o f  a load bank 

w i t h  v a r i a b l e  r e s i s t o r s  t o  c o n t r o l  d i s c h a r g e  c u r r e n t  , a power supp ly  

t o  supp ly  cha rg ing  c u r r e n t ,  a power supp ly  f o r  t h e  two p r e s s u r e  

t r a n s d u c e r s ,  and two vacuum t u b e  v o l t  m e t e r s  f o r  t o t a l  and d i f f e r e n t i a l  

p r e s s u r e  r eadou t .  A r e c y c l i n g  t i m e r  i s  a l s o  i n c l u d e d  which a u t o m a t i c a l l y  

swi t ches  the c e l l  from c h a r g e  t o  d i s c h a r g e .  

65 minute  charge and a 35 minu te  d i s c h a r g e  c y c l e . )  

c o n t a i n s  o u t p u t s  t o  a m u l t i p o i n t  r e c o r d e r  f o r  r e c o r d i n g  c e l l  v o l t a g e ,  

c e l l  d i s c h a r g e  c u r r e n t ,  and t o t a l  c e l l  p r e s s u r e .  C e l l  t e m p e r a t u r e s  a r e  

a l s o  recorded on a m u l t i - p o i n t  r e c o r d e r  , u s i n g  thermocouples  l o c a t e d  

i n t e r n a l l y  and on t h e  e x t e r n a l  p e r i p h e r y  o f  t h e  c e l l .  D i f f e r e n t i a l  

p r e s s u r e  i s  r eco rded  on a con t inuous  s t r i p  c h a r t  r e c o r d e r .  

( I t  i s  p r e s e n t l y  s e t  f o r  a 

The u n i t  a l s o  

3.5 Tes t  F a c i l i t y  C o n s t r u c t i o n  

Due t o  the  p o s s i b l e  haza rds  i n v o l v e d  i n  t e s t i n g  t h e  m u l t i - c e l l  

u n i t ,  a new t e s t  f a c i l i t y  was designed and b u i l t  w i t h  c o r p o r a t e  funds.  

The f a c i l i t y  i s  e s s e n t i a l l y  a block house c o n t a i n i n g  t h e  s tee l  t e s t  

chamber used d u r i n g  t h e  p r e c e d i n g  s t a g e s  o f  the program. M o d i f i c a t i o n s  

t o  the  s tee l  chamber improving i t s  p r e s s u r e  v e n t i n g  charac te r i s t ics  

were a l s o  included.  The b l o c k  house i s  a t t a c h e d  t o  t h e  f u e l  c e l l  

l a b o r a t o r y  and a l l  t e s t  o p e r a t i o n s  a re  c a r r i e d  o u t  by remote c o n t r o l .  

S u i t a b l e  c o n t r o l  p a n e l s  and v i s u a l  m o n i t o r i n g  f a c i l i t i e s  have been 

provided.  
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3.6 75 Watt C e l l  T e s t i n p  

A f t e r  i n i t i a l  assembly and check o u t ,  t h e  r edes igned  6 - c e l l  

u n i t  was i n s t a l l e d  and t e s t e d  i n  t h e  new f u e l  c e l l  t e s t i n g  f a c i l i t y .  

A p p r o p r i a t e  feed-throughs f o r  e l e c t r i c a l  and pneumatic c o n n e c t i o n s  

have been i n s t a l l e d  i n  t h e  t e s t  f a c i l i t y ,  and were connected t o  t h e  

c e l l .  The u n i t  was f l u s h e d  10 t i m e s  by p r e s s u r i z i n g  w i t h  hydrogen 

and oxygen t o  50 p s i g  and then  v e n t i n g  t h e  g a s e s .  The ambient  

t empera tu re  i n  t h e  t e s t  oven was t hen  r a i s e d  t o  70 C y  and t h e  c e l l  

was p u t  on c y c l e .  The c y c l e  c o n s i s t e d  o f  65 minu tes  c h a r g e  a t  9 .6  

amps, and a d i s c h a r g e  load o f  0.33 ohms s e t  t o  g i v e  75-80 wa t t s  

d u r i n g  d i s c h a r g e .  I n  t h e  i n i t i a l  c y c l e s ,  t h e  performance o f  t h e  

u n i t  looked s t a b l e  and s a t i s f a c t o r y .  T h e r e f o r e ,  i t  w a s  dec ided  t o  

c o n t i n u e  c y c l i n g  and conduct a con t inuous  48-hour t e s t  which 

r e p r e s e n t e d  a major t e s t  o b j e c t i v e .  Data f o r  c e l l  v o l t a g e ,  c e l l  

p r e s s u r e ,  and t empera tu re  du r ing  the c o n t i n u o u s  48-hour t e s t  i s  

shown i n  F i g u r e s  1 1 A - - 1 1 E .  Throughout t h e  e n t i r e  t e s t i n g  p e r i o d ,  

t he  d i f f e r e n t i a l  p r e s s u r e  swing d i d  n o t  r i se  more t h a n  0.2-0.3 p s i .  

When t h e  c e l l  p r e s s u r e  reached 380-390 p s i ,  t h e  c h a r g e r  was 

a u t o m a t i c a l l y  s h u t  o f f ,  and t h e  c e l l  a l l owed  t o  s i t  on open c i r c u i t  

u n t i l  t h e  c y c l i n g  t i m e r  ( se t  a t  a 65  minu tes  cha rge  d u r a t i o n )  

switched t h e  u n i t  t o  d i scha rge .  

0 

A f t e r  complet ion of  t h e  48-hour t e s t ,  t h e  c e l l  was v e n t e d  

and al lowed t o  s i t  a t  temperature  on open c i r c u i t .  I n  t h e  f o l l o w i n g  

d a y s ,  a number o f  o t h e r  cha rge -d i scha rge  c y c l e s  were conducted t o  

de t e rmine  v a r i o u s  performance c a p a b i l i t i e s ,  and t o  see i f  any  

d e t e r i o r a t i o n  i n  performance would o c c u r .  F i g u r e  12 shows a ser ies  

o f  d i s c h a r g e  c u r v e s  a t  d i f f e r e n t  t empera tu res  and  l o a d s .  A s  can  be  

s e e n ,  a t  a s l i g h t l y  h i g h e r  t empera tu re ,  t h e  u n i t  was capab le  o f  

d i s c h a r g i n g  c o n t i n u o u s l y  a t  25 amps, 
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Figure  13 shows a t e s t  of  c e l l  c a p a c i t y .  The u n i t  was charged 

u n t i l  t he  c e l l  p r e s s u r e  reached 450 p s i ,  and then  c o n t i n u a l l y  d i s c h a r g e d  

a t  15 amps u n t i l  t h e  c e l l  v o l t a g e  reached 3 v o l t s .  ( I t  should be n o t e d  

that  a t  t h e  end o f  cha rge  p e r i o d ,  t h e  c e l l  v o l t a g e  was s t i l l  r e l a t i v e l y  

low, i n d i c a t i n g  t h a t  t h e  mats c o n t a i n e d  a d d i t i o n a l  water t h a t  cou ld  have 

been u t i l i z e d  f o r  a d d i t i o n a l  c a p a c i t y . )  F i g u r e  14 shows a v o l t a g e  v s .  

c u r r e n t  curve f o r  t h e  u n i t ,  and t h e  accompanying power o u t p u t  c u r v e  f o r  

t h i s  t e s t .  A f t e r  a n  accumula t ion  o f  a t o t a l  o f  39 c y c l e s ,  t h e  u n i t  

e x h i b i t e d  s l i g h t l y  d e t e r i o r a t e d  performance on b o t h  cha rge  and d i s c h a r g e .  

The u n i t  was then disassembled and examined. The i n d i v i d u a l  ma t s  had 

g r a y  t o  b l ack  d i s c o l o r a t i o n  a d j a c e n t  t o  t h e  hydrogen e l e c t r o d e  and t h e  

v i t o n  rubbe r  on t h e  mat edges had t u r n e d  from g reen  t o  b l a c k .  

E l e c t r o l y t e  squeezed from samples of  two of  t h e  c e l l s  showed t h a t  t h e  

c o n c e n t r a t i o n  had dropped t o  approx ima te ly  13 p e r c e n t  KOH from t h e  

40 p e r c e n t  l e v e l .  T h i s  d rop  i n  4 KOH i s  d i s c u s s e d  i n  S e c t i o n  3.8. 

A second m u l t i - c e l l  u n i t  was l a t e r  assembled u s i n g  components 

i d e n t i c a l  w i th  the  f i r s t  w i t h  t h e  fo l lowing  e x c e p t i o n s ;  ( a )  t h e  oxygen 

e l e c t r o d e s  c o n s i s t e d  o f  a mixed c a t a l y s t ,  i . e . ,  10 mg. of  p l a t i n u m ,  and 

10 mg. of  pal ladium p e r  sq. cm., (b )  i n s u l a t i n g  washers  used on s t a c k  

b o l t s  were f a b r i c a t e d  from g l a s s  epoxy rather than  t h e  p r e v i o u s l y  used 

nylon i n  o r d e r  t o  p r e v e n t  r e l a x i n g  of  t h e  washe r s  d u r i n g  load  a t  

e l e v a t e d  t empera tu res ,  and ( c )  t h e  mats c o n t a i n e d  no  edge s e a l a n t .  

The u n i t  was cyc led  i n  t h e  normal manner, i .e . ,  3 5  minu te  

d i s c h a r g e ,  65 minute cha rge .  During t h e  f i r s t  two c y c l e s ,  t h e  

t empera tu re  was g r a d u a l l y  r a i s e d ,  and t h e  u n i t  d i s c h a r g e d  a t  a p p r o x i m a t e l y  

1 5  amps. a t  5 .2  v o l t s .  For t h e  remaining 14 c y c l e s ,  performance i n c r e a s e d  

s l i g h t l y ,  and t h e  d i s c h a r g e  c u r r e n t  was s e t  a t  a p p r o x i m a t e l y  18 amps. 

The u n i t  was cyc led  o n l y  d u r i n g  a n  8 hour  day.  Overn igh t  t h e  u n i t  w a s  

k e p t  a t  e l e v a t e d  t empera tu re .  P r i o r  t o  s h u t  down, t h e  u n i t  was v e n t e d  

of  a l l  p r e s s u r i z e d  g a s ,  and t h e  f o l l o w i n g  morning was r e p r e s s u r i z e d  t o  

t h e  f i n a l  p r e s s u r e  l e v e l  o f  t h e  p r e v i o u s  even ing .  

t y p i c a l  cha rge -d i scha rge  c u r v e  o f  t h e  c e l l  d u r i n g  t h e  c y c l i n g  P e r i o d .  

F i g u r e  15 shows a 
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On t h e  morning fo l lowing  t h e  1 6 t h  c y c l e ,  when t h e  c e l l  was b e i n g  

p r e s s u r i z e d  t o  be p u t  i n t o  s e r v i c e ,  i t  was noted t h a t  t h e r e  was c r o s s  

l eakage  between g a s  compartments,  and t h e  c e l l  was n o t  c a p a b l e  o f  

h o l d i n g  a d i f f e r e n t i a l  p r e s s u r e .  I n  a d d i t i o n ,  a s l i g h t  r ise  i n  

t empera tu re  was recorded i n t e r n a l l y  i n  t h e  c e l l  (15 -20 ) d u r i n g  t h i s  

f i l l i n g  p e r i o d .  The u n i t  was t h e r e f o r e  d i sa s sembled  and examined. 

0 0  

Examination of  t h e  disassembled u n i t  r e v e a l e d  t h a t  t h e  s t a c k  

b o l t s  had relaxed c o n s i d e r a b l y .  These b o l t s  were i n i t i a l l y  to rqued  

t o  75 inch/pounds.  I n s p e c t i o n  o f  t h e  u n i t  r e v e a l e d  t h a t  t h e  b o l t s  

were e s s e n t i a l l y  a t  0 t o rque  a f t e r  t h e  t e s t i n g  p e r i o d .  A r e l a x a t i o n  

o f  t h i s  t ype  most probably r e l e a s e d  t h e  compression on t h e  mats ,  and 

a l lowed  g a s  leakage between c e l l  compartments a t  t h e  m a t  p e r i p h e r y .  

Cons ide r ing  t h i s  d i f f i c u l t y ,  i t  h a s  been dec ided  t o  u t i l i z e  

some form of compression l o a d i n g  s p r i n g s  on t h e  s t a c k  b o l t s  t o  

e l i m i n a t e  the r e l a x a t i o n  problem i n  t h e  f u t u r e .  The mats had a g r e y  

d i s c o l o r a t i o n  a d j a c e n t  t o  t h e  hydrogen e l e c t r o d e ,  b u t  o t h e r w i s e  were 

s a t i s f a c t o r y ,  and they d i d  n o t  s t i c k  t o  t h e  e l e c t r o d e s  w i t h i n  t h e  

e n t i r e  assembly. A n a l y s i s  of e l e c t r o l y t e  c o n c e n t r a t i o n ,  w i t h i n  two o f  

t he  mats of  the disassembled c e l l ,  r e v e a l e d  c o n c e n t r a t i o n s  o f  33 and 

34 p e r c e n t  KOH. 

3 .7  S ing le  Ce l l  Tests 

During t h i s  r e p o r t  p e r i o d ,  a number o f  s i n g l e  c e l l s  were 

assembled and s u b j e c t e d  t o  v a r i o u s  tes ts .  These t e s t s  a r e  d e s c r i b e d  i n  

Table  I which summarizes t h e  f e a t u r e s  and r e s u l t s  o b t a i n e d .  The i n i t i a l  

a s s e m b l i e s  were used mainly t o  debug t h e  t e s t  s e t  up, and t o  b a l a n c e  

c e l l  volumes. I n  t h e  i n i t i a l  t e s t s ,  p r e l i m i n a r y  c y c l i n g  w a s  conducted 

a t  room temperature .  The oven was then  t u r n e d  on and t h e  t empera tu re  

was a l lowed  t o  r i s e  and e q u i l i b r a t e  a t  70 C .  I n t e r n a l  l e a k a g e  d i f f i c u l t i e s  
0 

were encountered i n  i n i t i a l  t e s t i n g ,  a s  i n d i c a t e d  by poor  F a r a d a i c  

e f f i c i e n c i e s .  Examination o f  t he  c e l l s  a f t e r  d i s a s s e m b l y  r e v e a l e d  t h a t  

t h e  e l e c t r a d e s  had c o l l a p s e d  i n t o  t h e  back-up p l a t e  s l o t s  which a re  used 

a s  g a s  f e e d s .  Th i s  r e s u l t e d  i n  a l a c k  o f  a s b e s t o s  m a t r i x  compression a t  
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t h i s  p o i n t  caus ing  g a s  leakage.  (The d e s i g n  o f  t h e  back-up p l a t e s ,  

behind which a r e  t h e  g a s  s t o r a g e  chambers,  c o n s i s t  of  a 1/8 inch  

d i ame te r  hole which i s  d r i l l e d  through t h e  p l a t e  and a 0.060" deep 

c a v i t y ,  approximately 1 / 2  i nch  i n  d i a m e t e r  unde rnea th  t h e  e l e c t r o d e . )  

To a l l e v i a t e  t h i s  problem, s c r e e n  s p a c e r s  were p l aced  under  t h e  e l e c t r o d e s  

a t  t h i s  p o i n t  t o  p r e v e n t  c o l l a p s i n g  and t o  p r o v i d e  the  d e s i r e d  m a t r i x  

compression. Th i s  change was i n c o r p o r a t e d  i n  c e l l  number 6 .  However, 

upon c y c l i n g ,  i t  was found t h a t  non F a r a d a i c  p r e s s u r e  d r o p s  were a l s o  

encoun te red  w i t h  t h i s  c e l l  d u e  t o  i n t e r n a l ,  and /o r  e x t e r n a l  g a s  leakage.  

To e l i m i n a t e  i n t e r n a l  l eakage ,  i t  was dec ided  t o  u s e  a t h r e e  l aye r  

m a t r i x  system o f  t h e  same e q u i v a l e n t  t h i c k n e s s  a s  p r e v i o u s  t e s t s ,  i . e . ,  

0.070". 

C e l l  number 7 employed two l a y e r s  o f  0.020", and one l a y e r  

o f  0.030" e l e c t r o l y t i c  g rade  a s b e s t o s .  

s a t i s f a c t o r i l y ,  and was c y c l e d  t e n  t i m e s  c o n t i n u o u s l y  o v e r  a p e r i o d  

o f  approx ima te ly  20 h o u r s  a t  which t i m e  t h e  v o l t a g e  on d i s c h a r g e  f e l l  

below 0.7 of  a v o l t  and r o s e  h i g h e r  on cha rge .  F i g u r e  16 shows t h e  

t y p i c a l  v o l t a g e  , t o t a l  c e l l  p r e s s u r e ,  and d i f f e r e n t i a l  p r e s s u r e ,  

d u r i n g  t h e  charge and d i s c h a r g e  o f  t h e  c e l l .  On expe r imen t ing  w i t h  

t h e  c e l l ,  i t  appeared t h a t  t h e  c e l l  was c a p a b l e  o f  s u p p l y i n g  22 amp 

s h o r t  d u r a t i o n  c u r r e n t  p u l s e s  a t  0.8 v o l t s .  T h i s  i n d i c a t e s  t h a t  

performance d e g r a d a t i o n  was p robab ly  due t o  c o n c e n t r a t i o n  g r a d i e n t  

bu i ld -up  and c o n c e n t r a t i o n  p o l a r i z a t i o n  w i t h i n  t h e  c e l l .  A small 

amount o f  wacer was added t o  t h e  c e l l  by s u p p l y i n g  e x t e r n a l  g a s  and 

e l e c t r i c a l l y  d i s c h a r g i n g  t h i s  g a s  i n t o  t h e  c e l l  t o  b u i l d  up t h e  water 

c o n t e n t  i n  t h e  mat. T h i s  a d d i t i o n  o f  water improved the Performance on 

both cha rge  and d i s c h a r g e ,  and t h e r e f o r e  i t  i s  r easoned  t h a t  the 

Th i s  c e l l  i n i t i a l l y  performed 

d i f f i c u l t y  was probably due t o  gas  l eakages  d u r i n g  t h e  c o u r s e  o f  t h e  

t e s t  which r e s u l t e d  i n  t h e  d r y i n g  o u t  o f  t h e  m a t .  
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The n e x t  c e l l ,  number 8 was assembled w i t h  t h r e e  l a y e r s  o f  

0,020" a s b e s t o s .  Compression was reduced from 7 / 4  r a t i o  t o  a 6/4  r a t i o  

t o  e v a l u a t e  the  e f f e c t  o f  improved i o n i c  m o b i l i t y  on t h e  r e d u c t i o n  o f  

c o n c e n t r a t i o n  p o l a r i z a t i o n .  The e l e c t r o d e s  used were t h e  same a s  t h o s e  

used i n  t e s t  number 7 ,  t o  show i f  t h i s  change would improve performance. 

No improvement i n  performance was o b t a i n e d ?  and a f t e r  4 c y c l e s ,  t h e  t e s t  

was d i s c o n t i n u e d .  

An i n t e r e s t i n g  o b s e r v a t i o n  made d u r i n g  t h e  c o u r s e  o f  t h e s e  

i n i t i a l  s i n g l e  c e l l  t e s t s  was the  s h i f t  i n  d i f f e r e n t i a l  p r e s s u r e  

encoun te red  when the c y c l e  changed from cha rge  t o  d i s c h a r g e .  (S ince  

t h e s e  c e l l s  do n o t  c o n t a i n  a volume b a l a n c i n g  d e v i c e ,  anomalous g a s  

r e a c t i o n s  a r e  r e a d i l y  observable  a s  p r e s s u r e  s h i f t s  d u r i n g  c y c l i c  

o p e r a t i o n . )  During the  f i r s t  f e w  m i n u t e s  o f  c h a r g e ,  a hydrogen gas  

d i f f e r e n t i a l  p r e s s u r e  b u i l d s  up. No oxygen g a s  i s  formed d u r i n g  t h i s  

p e r i o d ,  i n d i c a t i n g  a n  ox ide  formation on t h e  c a t h o d e .  Th i s  " s to red"  

oxygen i s  l a t e r  r e l e a s e d  du r ing  t h e  f i r s t  few minu tes  o f  d i s c h a r g e .  

The c a p a c i t y  t h a t  i s  s t o r e d  v a r i e s  somewhat from e l e c t r o d e  t o  e l e c t r o d e ,  

b u t  i n  t h e  c e l l  geometry employed i n  t h e s e  t e s t s ,  a 6 t o  10 p s i  

d i f f e r e n t i a l  was encountered.  (Such a d i f f e r e n t i a l  change i s  shown i n  

F i g u r e  16 f o r  c e l l  number 7 . )  I n  a d d i t i o n ,  t h i s  oxygen s t o r a g e  p r o c e s s  

lowers  t h e  i n i t i a l  c h a r g i n g  v o l t a g e  and i n c r e a s e s  the i n i t i a l  d i s c h a r g e  

v o l t a g e .  Subsequent t e s t i n g  showed t h a t  n i c k e l  o x i d e  formation i s  

r e s p o n s i b l e  f o r  t h e  e f f e c t .  Aside frcm p o s s i b l y  a g g r a v a t i n g  i n t e r n a l  

l e a k a g e ,  t h e  d i f f e r e n t i a l  p r e s s u r e  has n o t  caused  any  thermochemical 

problems. I n c o r p o r a t i o n  of a volume b a l a n c i n g  d e v i c e ,  such a s  i s  used 

i n  m u l t i - c e l l  o p e r a t i o n ,  would e l iminate  p r e s s u r e  d i f f e r e n t i a l s .  

The e l e c t r o d e  back up p l a t e s  used i n  the n e x t  ser ies  o f  t e s t s  

were modif ied t o  i n c l u d e  t h r e e  r a d i a l  g rooves ,  1/8" wide and 0.020" deep ,  

t o  p o s s i b l y  improve g a s  a c c e s s  t o  t h e  b a c k s i d e  o f  t h e  e l e c t r o d e s .  

C e l l  number 9 u s i n g  e l e c t r o l y t i c  g rade  a s b e s t o s ,  was c y c l e d  7 t imes 

(35 minu tes  d i s c h a r g e ,  65 minutes charge) and l e f t  on open c i r c u i t  o v e r  

a 3-day week-end a t  0 p s i g  and 7 0  C .  
0 A f t e r  t h i s  s t a n d  p e r i o d ,  two 
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a d d i t i o n a l  c y c l e s  showed t h a t  performance had d e t e r i o r a t e d  c o n s i d e r a b l y ,  

i . e . ,  t h e  d i s c h a r g e  v o l t a g e  was low, and t h e  c e l l  e x h i b i t e d  a h igh  

c h a r g i n g  v o l t a g e .  It  was reasoned t h a t  p o s s i b l e  d e t e r i o r a t i o n s  had 

t aken  p l a c e  w i t h  t h e  a s b e s t o s  mat. T h e r e f o r e ,  C e l l  No. 10 was assembled 

u s i n g  a d i f f e r e n t  g rade  o f  a s b e s t o s .  

The m a t  used f o r  C e l l  number 10 c o n s i s t e d  o f  two l a y e r s  o f  

0.035" t h i c k  commercial g rade  a s b e s t o s .  I n  t h i s  c o n f i g u r a t i o n  t h e  c e l l  

e x h i b i t e d  c o n s i d e r a b l e  i n t e r n a l  l eakage  and s e l f - d i s c h a r g e .  T h e r e f o r e ,  

t h e  t e s t  was d i s c o n t i n u e d  a f t e r  a b r i e f  c y c l e  p e r i o d .  

C e l l  number 11 c o n s i s t e d  o f  two l a y e r s  o f  t h e  same m a t e r i a l  

w i t h  i n c l u s i o n  o f  one l a y e r  o f  a c e l l u o s i c  membrane type  m a t e r i a l  

(Visking)  i n  a n  a t t e m p t  t o  reduce i n t e r n a l  c e l l  l eakage .  The a d d i t i o n  

of  the s e p a r a t o r  material  r e s u l t e d  i n  i n c r e a s i n g  t h e  c e l l  i n t e r n a l  

r e s i s t a n c e  c o n s i d e r a b l y .  Consequent ly ,  t h e  c e l l  performed v e r y  p o o r l y  

on b o t h  cha rge  and d i s c h a r g e .  I t  w a s  then dec ided  t o  go back t o  t h e  

mat c o n f i g u r a t i o n  o f  c e l l  number 7 which had g i v e n  t h e  b e s t  performance 

t o  d a t e .  

C e l l  number 1 2 ,  us ing 3 l a y e r s  o f  e l e c t r o l y t i c  g rade  a s b e s t o s ,  

was cyc led  two times and l e f t  a t  t empera tu re  and 0 p s i g  o v e r  a two day 

week-end. A t  t h e  end o f  t h e  per iod t h e  c e l l  e x h i b i t e d  degraded 

performance on b o t h  cha rge  and d i s c h a r g e  s imi l i a r  t o  c e l l  number 9 .  

C e l l  number 1 3  w a s  assembled u s i n g  t h e  s a m e  m a t  c o n f i g u r a t i o n  

a s  c e l l  number 12 excep t  t h e  grade o f  a s b e s t o s  was changed t o  f u e l  c e l l  

m i l l b o a r d ,  manufactured by t h e  Johns-Mansvi l le  Company. I n i t i a l  c y c l i n g  

o f  t h i s  c e l l  i n d i c a t e d  t h a t  the m a t  w a s  low i n  water  c o n t e n t .  Water 

was added t o  t h e  c e l l  by p r e s s u r i z i n g  t h e  c e l l  and d i s c h a r g i n g  t h e  

hydrogen and oxygen t o  form water  w i t h i n  t h e  c e l l .  By d o i n g  t h i s ,  i t  

was p o s s i b l e  t o  b r i n g  t h e  ce l l  performance U P ,  b u t  t h e  c e l l  s t i l l  

o p e r a t e d  below the d e s i r e d  l e v e l .  A f t e r  14 c y c l e s ,  t he  c e l l  w a s  

d i sa s sembled  . 
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I n  o r d e r  t o  improve t h e  d i s c h a r g e  v o l t a g e  c h a r a c t e r i s t i c s  o f  

t h e  c e l l ,  i t  was dec ided  t o  i n c r e a s e  t h e  c a t a l y s t  l oad ing  i n  t h e  

e l e c t r o d e s .  For c e l l  number 14, a n  oxygen e l e c t r o d e  c o n t a i n i n g  

10 mg./cm 

used. The hydrogen e l e c t r o d e  c o n s i s t e d  o f  20 mg./cm o f  p l a t inum.  

I n i t i a l  performance o f  t h i s  c e l l  was c o n s i d e r a b l y  b e t t e r  t han  a l l  

p rev ious  t e s t s .  T y p i c a l  o p e r a t i n g  v o l t a g e  on d i s c h a r g e  w i t h  t h e  

o r i g i n a l  e l e c t r o d e s  was approx ima te ly  0.7 v o l t .  

c a t a l y s t  l oad ing ,  t he  c e l l  o p e r a t e d  a t  a p p r o x i m a t e l y  0.8 v o l t  on 

d i s c h a r g e  a t  t he  same c u r r e n t  l e v e l .  However, a f t e r  c y c l i n g  7 -8  t i m e s ,  

t h i s  c e l l  a l s o  d e t e r i o r a t e d  i n  performance. 

2 2 
p l a t inum c a t a l y s t ,  and 10 mg./cm o f  pa l l ad ium c a t a l y s t s  was 

2 

By i n c r e a s i n g  t h e  

The n e x t  c e l l  number 15 was assembled t o  e v a l u a t e  t h e  e f f e c t  

o f  c e l l  o r i e n t a t i o n ,  and was assembled and p l a c e d  i n  t h e  h o r i z o n t a l  

p o s i t i o n .  I n  a d d i t i o n ,  m a t r i x  compression r a t i o  was reduced from a 

7/4 r a t i o  to a 6 / 4  r a t i o  w h i l e  s l i g h t l y  i n c r e a s i n g  t h e  e l e c t r o l y t e /  

a s b e s t o s  weight r a t i o .  Th i s  c e l l  was a l s o  c y c l e d  7 t i m e s .  Performance 

a g a i n  d e t e r i o r a t e d  on both cha rge  and d i s c h a r g e  ove r  t h i s  p e r i o d .  I n  

o r d e r  t o  determine i f  t h e  d e t e r i o r a t i o n  w a s  b e i n g  caused by contamina- 

t i o n  o f  t h e  e l e c t r o d e s ,  c e l l  number 15 w a s  r a p i d l y  d i sa s sembled  and 

reassembled u s i n g  t h e  same e l e c t r o d e s  w i t h o u t  washing,  b u t  w i t h  a new 

a s b e s t o s  ma t r ix .  Th i s  c e l l  i n i t i a l l y  e x h i b i t e d  good performance,  

i n d i c a t i n g  that t h e  e l e c t r o d e s  had n o t  been poisoned.  A f t e r  w e t  s t a n d  

o v e r n i g h t ,  w i t h o u t  be ing  c y c l e d ,  t h i s  c e l l  a l s o  e x h i b i t e d  d e t e r i o r a t e d  

pe r forma nce 

I n  c e l l  number 1 7 ,  t h e  g rade  o f  a s b e s t o s  w a s  changed t o  one 

layer  of 0.060" f u e l  c e l l  m i l l b o a r d .  T h i s  c e l l  was c y c l e d  10 t i m e s  and 

d i d  n o t  show any  s i g n i f i c a n t  d e t e r i o r a t i o n .  However, t h e  d i s c h a r g e  

performance was lower than  some o f  t h e  p r e v i o u s  d a t a  o b t a i n e d  on 

i n i t i a l  c y c l i n g .  T h e r e f o r e  c e l l  number 18 was assembled c o n t a i n i n g  a 

t h i n n e r  (0.050") m a t  o f  t h e  same type.  

o r d e r  t o  dec rease  t h e  compression r a t i o .  I n  a d d i t i o n ,  t h e  q u a n t i t y  

O f  e l e c t r o l y t e  was i n c r e a s e d .  

a l lowed t o  s t and  o v e r  n i g h t  a t  t empera tu re .  

The t h i c k n e s s  w a s  reduced i n  

Th i s  c e l l  w a s  Cycled two t i m e s  t hen  

I t  w a s  t hen  c y c l e d  
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c o n t i n u o u s l y  f o r  30 c y c l e s  ove r  a 50 hour p e r i o d .  T y p i c a l  performance 

i s  shown on F i g u r e  17 .  During the p e r i o d  o f  t e s t i n g ,  t h e r e  was some 

d e g r a d a t i o n  i n  d i s c h a r g e  v o l t a g e ,  and i n c r e a s e  i n  cha rge  v o l t a g e  a s  

shown i n  F i g u r e  18. 

I n  o r d e r  t o  de t e rmine  t h e  c a u s e  of  d e t e r i o r a t i o n ,  t h e  t e s t  

was s topped and t h e  g a s  compartments were f l u s h e d ,  r e a s o n i n g  p o s s i b l y  

t h a t  i m p u r i t i e s  o r  g a s  mixing might have been t h e  cause  o f  t h e  d e t e r i o r a t e d  

performance. The c e l l  was then  p u t  on d i s c h a r g e .  F l u s h i n g  d i d  n o t  

improve t h e  performance o f  t h e  c e l l .  Next a n  a t t e m p t  was made t o  add 

water t o  t h e  c e l l  by p r e s s u r i z i n g  t h e  c e l l  and d i s c h a r g i n g  t h e  added 

g a s  i n t o  t h e  m a t .  An i n c r e a s e  i n  water c o n t e n t  d i d  n o t  improve t h e  c e l l  

performance. The c e l l  was then d i sa s sembled ,  and t h e  m a t  examined. A s  

i n  p r e v i o u s  t e s t s ,  t h e r e  was a d i s c o l o r a t i o n  of t h e  m a t  a d j a c e n t  t o  t h e  

hydrogen-e l ec t rode .  Next ,  a sample of  t h e  m a t  was t a k e n ,  and l i q u i d  

KOH was squeezed o u t  and t i t r a t e d  w i t h  0 .1  N H C 1  t o  de t e rmine  t h e  

a l k a l i n i t y  c o n t e n t .  Th i s  t es t  showed t h a t  t h e  l i q u i d  s a m p l e  was 

approx ima te ly  10.5 p e r c e n t  KOH. Two s e p a r a t e  s a m p l e s  t i t r a t e d  i n  the  

same manner gave t h e  same resu l t .  (The c e l l  had i n i t i a l l y  been assembled 

w i t h  25.4 p e r c e n t  KOH.) 

e x p l a i n  t h e  d e t e r i o r a t e d  performance. 

Consumption o f  KOH such a s  was i n d i c a t e d ,  would 

I n  o r d e r  t o  d e c r e a s e  t h e  e f f e c t  o f  KOH l o s s ,  i t  was d e c i d e d  

t o  i n c r e a s e  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  from 25 p e r c e n t  KOH t o  40 

weigh t  p e r c e n t  i n  f u t u r e  c e l l  t e s t s .  Ce l l s  number 19 and 20 c o n t a i n e d  

e x c e s s i v e  q u a n t i t i e s  o f  e l e c t r o l y t e .  When t h e  c e l l  w a s  assembled,  

e l e c t r o l y t e  was squeezed o u t  of t h e  a s b e s t o s  m a t  i n t o  t h e  i n d i v i d u a l  gas 

c a v i t i e s .  On a t t e m p t i n g  t o  cyc le  t h e s e  c e l l s ,  i t  w a s  found t h a t  t hey  

e x h i b i t e d  poor performance on d i s c h a r g e  and ex t r eme ly  l a r g e ,  i . e . ,  10-20 

p s i  d i f f e r e n t i a l  pressures  a t  the  s t a r t  o f  cha rge  and d i s c h a r g e .  The 

e x c e s s i v e  d i f f e r e n t i a l  p r e s s u r e s  were a t t r i b u t e d  t o  f l o o d i n g  t h e  

e l e c t r o d e  and back-up s c r e e n ,  forming N i O  which took p a r t  i n  t h e  r e a c t i o n  

on b o t h  cha rge  and d i s c h a r g e .  

e l e c t r o l y t e  q u a n t i t y  reduced to 29 grams o f  40 p e r c e n t  KOH. 

Ce l l  number 21 was c o n s t r u c t e d  w i t h  t h e  

T h i s  c e l l  
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was cyc led  t h r e e  t imes and allowed t o  s i t  i n  the  open c i r c u i t  c o n d i t i o n  

o v e r n i g h t  a t  70 C ,  and then  cycled a f o u r t h  t i m e .  The c e l l  e x h i b i t e d  

no obvious d e t e r i o r a t i o n  i n  performance d u r i n g  t h e  p e r i o d  t e s t e d .  

I t  w a s  dec ided  t o  u s e  t h i s  m a t  arrangement  i n  i n i t i a l  t e s t s  w i t h  t h e  

75 w a t t  u n i t .  

0 

A f t e r  complet ion of  the f i r s t  se r ies  o f  75 w a t t  c e l l  t e s t s ,  

the s i n g l e  c e l l  t e s t  oven was r ea r r anged ,  and a n o t h e r  s e r i e s  o f  s i n g l e  

c e l l s  were assembled and t e s t e d .  C e l l  number 22 was used t o  check o u t  

t h e  new set  up., C e l l  number 23 employed commercial p l a t i n i z e d  f u e l  

c e l l  e l e c t r o d e s .  The i n i t i a l  d i s c h a r g e  v o l t a g e  a t  16 amps was 0,8--0.82 

v o l t s ,  b u t  t h e  cha rge  v o l t a g e  ranged between 1 .7-1 .9  v o l t s .  A f t e r  

6 c y c l e s ,  t he  d i s c h a r g e  v o l t a g e  dropped t o  0.76--0.78 v o l t s .  A t  t h i s  

p o i n t  t he  c e l l  was disassembled and t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  i n  

the  m a t  measured. I t  was found t o  be 33 p e r c e n t .  

C e l l  number 24 u t i l i z e d  a Type AB-4 e l e c t r o d e  on t h e  oxygen 

s i d e ,  and a s t a n d a r d  EOS ( 2 0  mg/cm2 plat inum) hydrogen e l e c t r o d e .  

d i s c h a r g e  v o l t a g e  a t  1 6  a m p s  i n i t i a l l y  was between 0.80 and 0.82 v o l t s .  

The cha rge  v o l t a g e  ranged between 1 . 7  and 1.8 v o l t s .  A f t e r  11 c y c l e s ,  

t h e  d i s c h a r g e  v o l t a g e  dropped t o  0.78 v o l t s .  Again t h e  c e l l  was 

d i s sas sembled  and t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  measured. T h i s  t ime 

i t  had a l s o  dropped from 40 percen t  t o  33 p e r c e n t .  F i g u r e  19 shows t h e  

E-T d a t a  u s i n g  commercial e l e c t r o d e s .  

The 

C e l l  number 25 was assembled t o  t e s t  c a p a b i l i t i e s  o f  t h e  c e l l  

a t  e l e v a t e d ' t e m p e r a t u r e s .  Figure 20 shows E - I  d a t a  f o r  t h e  c e l l  a t  

125OC. 

approach ing  100 amperes were obtained a t  0 .55  v o l t s  i n c l u d i n g  a n  I R  

d rop  o f  = 0.2 v o l t .  Due to ove rhea t ing  o f  t he  load  bank and a s s o c i a t e d  

e l e c t r i c a l  hardware,  the h igh  c u r r e n t  l e v e l s ,  i . e . ,  ' 50  a m p s  were o n l y  

measured f o r  p e r i o d s  of  t i m e  l e s s  t han  30 seconds.  However, t h e  v a l u e s  

o b t a i n e d  a r e  i n d i c a t i v e  o f  t h e  h i g h  p u l s e  power t h e  u n i t  i s  c a p a b l e  o f .  

a t  s l i g h t l y  e l e v a t e d  temperature .  

i n  o r d e r  t o  use the i n s t r u m e n t a t i o n  f o r  a second t e s t  s e r i e s  w i t h  t h e  

b - c e l l ,  75 w a t t  u n i t .  

The d a t a  o b t a i n e d  a t  125' i s  q u i t e  good, i n  t h a t  c u r r e n t s  

T e s t i n g  of  t h i s  c e l l  was d i s c o n t i n u e d  
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C e l l  number 26 was assembled t o  d e m o n s t r a t e  s i n g l e  c e l l  

performance t o  the  NASA t e c h n i c a l  m o n i t o r s  of  t he  program, who v i s i t e d  

EOS d u r i n g  t h i s  p e r i o d .  T h i s  c e l l  w a s  c y c l e d  2 t i m e s ,  and s u b j e c t e d  t o  

d i s c h a r g e s  a t  v a r i o u s  c u r r e n t s  from 10-91.5 amps f o r  s h o r t  p e r i o d s  o f  

t i m e .  The c e l l  was then  al lowed t o  s i t  o v e r n i g h t  a t  t h e  e l e v a t e d  

t e m p e r a t u r e ,  a f t e r  which,  t h e  mat was removed, and t h e  KOH c o n c e n t r a t i o n  

ana lyzed .  I t  was found t o  have dropped from 40 t o  34 p e r c e n t  KOH. 

T n i s  con t inued  change i n  KOH c o n c e n t r a t i o n  a s  a f u n c t i o n  of  t i m e  was 

and i s  cause  f o r  concern.  A s e r i e s  of  t e s t s ,  d i s c u s s e d  i n  d e t a i l  i n  

t he  n e x t  s e c t i o n ,  were then  i n i t i a t e d  t o  d e t e r m i n e  t h e  r eason  f o r  t h i s  

ldss of  KOH. 

?d 

Phase I1 o f  t h e  program c a l l s  f o r  a 500-watt u n i t  w i t h  

i n d i v i d u a l  c e l l s  o f  6 - inch  d i a m e t e r  hav ing  a c a p a c i t y  o f  21 amp. hour s .  

P r i o r  t o  c e l l  number 2 7 ,  a l l  work h a s  been done w i t h  the 6-inch d i a m e t e r  

c e l l  o f  nominal 10 amp. hour  c a p a c i t y .  I n  o r d e r  t o  i n c r e a s e  c a p a c i t y ,  

m a t  composi t ion compression,  dry-weight ,  and w e t  we igh t  m u s t  be  

mod i f i ed  i n  o r d e r  t o  c o n t a i n  s u f f i c i e n t  water t o  p r o v i d e  2 1  amp. h o u r s  

c a p a c i t y .  A ser ies  o f  c e l l  t e s t s  was i n i t i a t e d  t o  s t u d y  m a t  v a r i a t i o n s  

t h a t  could be used t o  improve t h i s  c a p a c i t y .  C e l l  number 27, t h e  f i r s t  

i n  t h e  se r ies ,  c o n s i s t e d  of  a t h i c k e r  m a t  c o n t a i n i n g  a q u a n t i t y  o f  

e l e c t r o l y t e  above what h a s  been p r e v i o u s l y  used.  I n  o r d e r  t o  o b t a i n  

t h e  h i g h e r  c a p a c i t y  u s i n g  t h e  f i x e d  volume s i n g l e  c e l l ,  t he  c e l l  was 

e l e c t r o l y t i c a l l y  charged t o  500 p s i g  i n s t e a d  o f  t h e  normal 350-400 

p s i g .  When . the f i r s t  d i s c h a r g e  was s t a r t e d ,  a r a p i d  p r e s s u r e  d rop  was 

n o t e d ,  The t e s t  was then  s topped,  t h e  c e l l  v e n t e d ,  d i sa s sembled  and 

examined. The a s b e s t o s  m a t  pe r iphe ry  w a s  d i s t o r t e d  and t h e r e  was a 

b l ack  d e p o s i t  i n  t h e  g a s  compartments. 

rubbe r i zed . )  It was dec ided  t h a t  the m a t  had p o s s i b l y  been p l a c e d  o f f  

c e n t e r ,  and t h e r e f o r e  c e l l  number 28 was assembled u s i n g  t h e  same mat 

arrangement .  

(Note,  t h e  m a t  edges were n o t  

The m a t  c o n f i g u r a t i o n  o f  c e l l  number 28 provided i n c r e a s e d  

c a p a c i t y ,  b u t  d i d  n o t  p r o v i d e  t h e  f u l l  2 1  amp h o u r s  d e s i r e d .  

r o s e  h igh  a t  t h e  end of charge i n d i c a t i n g  d r y i n g  o u t  o f  t h e  m a t -  

Vo l t age  
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T h e r e f o r e ,  i n i t i a l  d i s c h a r g e  v o l t a g e  was q u i t e  low, and a t  t h e  end o f  

d i s c h a r g e ,  v o l t a g e  f e l l  o f f  r a p i d l y .  This performance i s  shown i n  

F i g u r e  21 .  

C e l l  number 29 c o n t a i n e d  a m a t  w i t h  reduced compression and 

i n c r e a s e d  e l e c t r o l y t e .  The c e l l  was c y c l e d  a t  cha rge  c u r r e n t s  o f  10 and 

20 amps. and a d i s c h a r g e  c u r r e n t  o f  20 amps. The c e l l  charged w e l l  and 

d i s c h a r g e d  w e l l  e x c e p t  a t  t h e  end o f  d i s c h a r g e  when performance f e l l  o f f  

r a p i d l y ,  as  shown i n  F i g u r e  2 2 .  

To improve d i s c h a r g e  performance and t o  a v o i d  t h e  a p p a r e n t  f l o o d i n g  a t  

t h e  end o f  d i s c h a r g e ,  100 p s i  g a s  e q u i v a l e n t  was v e n t e d  t o  r educe  t h e  

water c o n t e n t  a t  t h e  end o f  t h e  f o u r t h  c y c l e .  A t  t h e  s t a r t  o f  t h e  f i f t h  

c y c l e  d i s c h a r g e ,  t h e  p r e s s u r e  dropped r a p i d l y ,  i . e . ,  200 p s i d .  The t e s t  

was then  s topped ,  t h e  c e l l  v e n t e d ,  d i sa s sembled  and  examined. Once 

a g a i n  t h e  edges of  t h e  m a t  were bad ly  d i s t o r t e d  and b l a c k  d e p o s i t s  were 

found i n  t h e  g a s  compartments. I n  t h e s e  tes ts  t h e  m a t  compression had 

been reduced,  and a p p a r e n t l y  t h e  compression on t h e  m a t  edges  was n o t  

n o t  s u f f i c i e n t  t o  p r e v e n t  g a s  l eakage  w i t h o u t  a n  added edge s e a l a n t .  

A m a t  edge s e a l a n t ,  v i t o n  r u b b e r ,  had been used i n  most p r e v i o u s  m u l t i  

and s i n g l e  c e l l  t es t s .  However, a s  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  t h i s  

s e a l a n t  reacts c h e m i c a l l y  w i t h  KOH. A new ma te r i a l ,  a n  e t h y l e n e - p r o p y l e n e  

rubber  h a s  been r e c e n t l y  e v a l u a t e d  and found t o  b e  s a t i s f a c t o r y .  Using 

t h i s  s e a l a n t  w i l l  e l i m i n a t e  t h e  edge seal problem. 

Poor F a r a d a i c  e f f i c i e n c i e s  were no ted .  

To f u r t h e r  i n c r e a s e  c e l l  c a p a c i t y  t o  t h e  d e s i r e d  21.4 amp. h r s . ,  

a d d i t i o n a l  v a r i a t i o n s  i n  m a t  t h i c k n e s s  , compression,  and e l e c t r o l y t e  

q u a n t i t y  have been s t u d i e d .  Cel l  number 38 c o n s i s t e d  o f  a m a t  o f  two 

l a y e r s  of  30 m i l  f u e l  c e l l  m i l l b o a r d  a s b e s t o s  which was impregnated w i t h  

36.4  grams o f  4 0  p e r c e n t  e l e c t r o l y t e  and p l a c e d  w i t h i n  t h e  ce l l .  

0.040" s p a c e r  was used i n  t h e  p e r i p h e r y  o f  t h e  c e l l ,  b u t  t h e  10 m i l  g a s  

d i s t r i b u t i o n  s c r e e n s  behind t h e  e l e c t r o d e s  were removed. T h e r e f o r e ,  t h e r e  

was a 60 m i l  space between t h e  e l e c t r o d e s ,  b u t  t h e  o u t e r  edge o f  t h e  m a t  

was compressed between t h e  t ank  h a l v e s  t o  0.040".  The c e l l  was c y c l e d  

and charged t o  500 p s i g  and t h e n  d i s c h a r g e d .  

A 

T h i s  a r r angemen t  Provided 
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i n c r e a s e d  c e l l  c a p a c i t y ,  b u t  s t i l l  d i d  no t  a c h i e v e  the  21.4 amp. h r s .  

d e s i r e d .  F igu re  23 shows t y p i c a l  performance o f  t h i s  c e l l .  

Tab le  I1 shows a comparison o f  a l l  high c a p a c i t y  t e s t s  t h u s  

f a r .  A s  can  be  s e e n ,  c e l l  number 43 h a s  given t h e  b e s t  r e s u l t s  y i e l d i n g  

20.5 A.H.  Th i s  c e l l  had no i n i t i a l  v o l t a g e  d i p ,  and o n l y  d u r i n g  t h e  l a s t  

10 minu tes  of  d i s c h a r g e  d i d  the performance f a l l  o f f .  Some a d d i t i o n a l  

t e s t s  a re  planned t o  de t e rmine  t h e  c o r r e c t  combinat ion o f  a s b e s t o s  

t h i c k n e s s ,  compression and wa te r  c o n t e n t  t o  a c h i e v e  t h e  optimum c a p a c i t y  

and performance. 

3 .8  KOH Consumption I n v e s t i g a t i o n  

I n  o r d e r  t o  determine t h e  cause o f  KOH consumption d u r i n g  

t h e  o p e r a t i o n  o f  c e l l s ,  a s e r i e s  o f  tes ts  was conducted t o  de t e rmine  i f  

t h i s  consumption i s  caused by any i m p u r i t i e s  w i t h i n  t h e  a c t u a l  e l e c t r o d e s .  

Each c e l l  was assembled l a t e  i n  the a f t e r n o o n  and a l lowed  t o  come up t o  

t empera tu re  (70 C) o v e r n i g h t .  The c e l l  was c y c l e d  t h e  f o l l o w i n g  day 

u n t i l  l a t e  a f t e r n o o n ,  and then  d i sa s sembled ,  and t h e  m a t  KOH sample was 

ana lyzed .  The v a r i a b l e s  i n  the t e s t  c o n s i s t e d  o n l y  o f  the method of  

p r e p a r a t i o n  o f  t h e  e l e c t r o d e s .  The v a r i a b l e s  a re  l i s t e d  i n  Table  I11 

which a l s o  shows t h e  r e s u l t s  ob ta ined  i n  t h e  a n a l y s i s .  A s  c a n  be  seen 

t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  i n  a l l  cases dropped t o  30-35 p e r c e n t  KOH. 

No e f f e c t  could be a t t r i b u t e d  to  t h e  e l e c t r o d e s .  To compare t h i s  f i n d i n g  

w i t h  d i r e c t  chemical  t e s t s ,  fue l  c e l l  g rade  a s b e s t o s  m a t s  were soaked 

w i t h  t h e  same q u a n t i t y  o f  e l e c t r o l y t e  t h a t  i s  no rma l ly  used i n  t h e  c e l l  

t e s t .  These were s t o r e d  a t  room temperature  and  a t  70 C ,  and t h e n  

a n a l y s e s  o f  KOH c o n c e n t r a t i o n  were made on t h e s e  mats. The r e s u l t s  a r e  

shown on Table  I V .  

0 

0 

During b o t h  s i n g l e  c e l l  and m u l t i - c e l l  t es t s  i n  which t h e  

a s b e s t o s  m a t  had been rubbe r i zed  w i t h  v i t o n  on t h e  p e r i p h e r y ,  t h e r e  were 

d e f i n i t e  v i s u a l  i n d i c a t i o n s  of chemical  r e a c t i o n  between t h e  v i t o n  and 

t h e  e l e c t r o l y t e .  

c e l l  were s e v e r e l y  a t t a c k e d  by the same e l e c t r o l y t e .  

i n d i c a t i o n s ,  PIUS t e s t  r e s u l t s  showing t h a t  n o t i c e a b l e  changes i n  

F u r t h e r ,  v i t o n  "0" r i n g s  used i n i t i a l l y  i n  t h e  s i n g l e  

These v i s u a l  
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e l e c t r o l y t e  c o n c e n t r a t i o n ,  i . e .  >10 p e r c e n t  o n l y  o c c u r r e d  when t h e  

a s b e s t o s  was rubbe r i zed  w i t h  v i t o n ,  a r e  s t r o n g  s i g n s  t h a t  t h e  rubber  

r e a c t i o n  c o n t r i b u t e d  t o  t h e  KOH d e g r a d a t i o n .  However, t e s t s  made i n  a 

s i m i l a r  manner t o  t h a t  d e s c r i b e d  above ,  b u t  i n c l u d i n g  r u b b e r i z e d  e d g e s ,  

showed no s i g n i f i c a n t  d i f f e r e n c e ,  as  i s  shown on Tab le  I V .  T h i s  r e s u l t  

i s  somewhat d i s c o n c e r t i n g ,  i n  view of  t h e  obvious v i s u a l  d e t e r i o r a t i o n  

o f  t h e  rubber .  There a re  two p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  r e s u l t s  

o b t a i n e d ,  namely ( a )  t h e  p e r i o d  of  t i m e  a l lowed  f o r  t h e  r e a c t i o n ,  i . e . ,  

88 h o u r s  was i n s u f f i c i e n t  o r  ( b )  t h e  t e s t  p rocedure  was u n s a t i s f a c t o r y .  

The l a t t e r  e x p l a n a t i o n  h a s  been i n v e s t i g a t e d  i n  some d e t a i l .  T i t r a t i o n  

s o l u t i o n s  have been checked and rechecked,  i n i t i a l  e l e c t r o l y t e  c o n c e n t r a -  

t i o n s  checked and rechecked,  m u l t i p l e  samples a n a l y z e d  t o  check f o r  

r e p r o d u c i b i l i t y ,  and t e s t  samples double  s e a l e d  t o  p r e v e n t  water l o s s .  

A s  a r e s u l t  o f  t h i s  check ing ,  w e  f e e l  t h a t  t h e  former e x p l a n a t i o n  i s  t h e  

most r easonab le  answer.  

Rega rd le s s ,  i t  h a s  been e s t a b l i s h e d  t h a t  KOH s lowly  reacts 

w i t h  t h e  a s b e s t o s  o r  i m p u r i t i e s  t h e r e i n .  T h i s  r e a c t i o n  a p p a r e n t l y  r e s u l t s  

i n  a 6-10 pe rcen t  r e d u c t i o n  i n  c o n c e n t r a t i o n  i n  a p e r i o d  o f  24-48 hours .  

However, i t  remains t o  s u b j e c t  c e l l s  t o  long p e r i o d s  o f  c y c l i n g  t o  

assure t h a t  t h e  r e a c t i o n  does n o t  proceed beyond t h i s  l e v e l .  I f  t h e  KOH 

c o n c e n t r a t i o n  s t a b i l i z e s  above 30 p e r c e n t ,  t h e r e  i s  no problem. 

3.9 P re l imina ry  500 Watt C e l l  Design Weiphts  

A s  a r e s u l t  o f  t h e  r e c e n t  series o f  t e s t s  i n d i c a t i n g  t h e  

h i g h  performance a c h i e v a b l e  w i t h  t h e  new c e l l  d e s i g n  and  improved 

e l e c t r o d e s ,  p r e l i m i n a r y  we igh t  c a l c u l a t i o n s  o f  a 500 w a t t ,  3 5  c e l l  

u n i t  were undertaken. Two sets o f  c a l c u l a t i o n s  were made, one u s i n g  

e x i s t i n g  components, and t h e  second u s i n g  improved lower we igh t  com- 

ponen t s  which w e  f e e l  a r e  w e l l  w i t h i n  t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  

Table  V shows t h e  i t emized  component w e i g h t s  used i n  the c a l c u l a t e d  

c e l l  we igh t s .  F u r t h e r  we igh t  r e d u c t i o n s  a re  p o s s i b l e ,  u s i n g  

advanced m a t e r i a l s  and improved d e s i g n s .  Detai ls  o f  such r e d u c t i o n s  

a re  g i v e n  i n  t h e  n e x t  s e c t i o n .  
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3.9.1 P o t e n t i a l  Improvements i n  R e g e n e r a t i v e  Fuel  C e l l  
DesiPn Using Advanced L i g h t  Weight Materials 

The purpose o f  t h i s  d i s c u s s i o n  i s  t o  review t h e  

r e s u l t s  o f  a p r e l i m i n a r y  a n a l y s i s  which w a s  performed t o  de t e rmine  t h e  

p o t e n t i a l  r e d u c t i o n  i n  we igh t  o f  a r e g e n e r a t i v e  f u e l  c e l l  which may be 

p o s s i b l e  b y  u t i l i z i n g  advanced l i g h t  we igh t  mater ia ls .  A review o f  

the e x i s t i n g  d e s i g n  concept  s c a l e d  up t o  the  500 w a t t  nominal power 

r a t i n g  i n d i c a t e s  t h a t  w i t h  r e l a t i v e l y  few and s imple  improvements,  t h e  

we igh t  O F  such a system cou ld  b e  reduced t o  t h e  35-40 l b .  l e v e l .  Such 

a u n i t  would u t i l i z e  magnesium c e l l  s e p a r a t o r s ,  and  6061-T6 aluminum 

a l l o y  g a s  tankage. The u n i t  would be  c a p a b l e  o f  a n  ene rgy  c a p a c i t y  o f  

600 w a t t  hours a t  a 500 p s i g  peak s t o r a g e  pressure ,  a t  a t empera tu re  o f  

l O O O C  and power d r a i n s  o f  e i t h e r  500 wat t s  o r  1000 wa t t s .  The c e l l  s t a c k  

assembly would have a n  e s t i m a t e d  we igh t  o f  a b o u t  20-25 l b s . ,  and t h e  g a s  

tankage assembly would have a n  e s t i m a t e d  we igh t  o f  a b o u t  10-15 l b s .  The 

b e s t  e s t i m a t e  o f  t h e  energy t o  we igh t  r a t i o  o f  such a u n i t  would be  

15-17 w a t t  hours  p e r  l b .  The u n i t  would be  e s s e n t i a l l y  i d e n t i c a l  t o  

t h e  p r e s e n t  d e s i g n  w i t h  minor m o d i f i c a t i o n s  t o  r educe  we igh t  i n  non- 

c r i t i c a l  a r e a s .  The p r i n c i p l e  change i n  o p e r a t i o n  would b e  a c h i e v e d  

by r a i s i n g  the  o p e r a t i n g  t empera tu re  t o  t h e  100 C l e v e l  t o  a l l o w  a 

d r a i n  o f  1000 w a t t s  a t  t h e  s h o r t  d u r a t i o n  d i s c h a r g e .  

0 

To examine t h e  f e a s i b i l i t y  o f  f u r t h e r  r e d u c t i o n s  i n  w e i g h t ,  

s e v e r a l  advanced materials were c o n s i d e r e d  f o r  u s e  i n  t h e  p r e s e n t  

des ign .  The e x i s t i n g  c e l l  s t a c k  assembly u s e s  n i c k e l  p l a t e d  magnesium 

s e p a r a t o r s  w i t h  a d e n s i t y  of  a b o u t  0.065 l b s .  p e r  c u b i c  i n c h .  I f  one 

cj f  t h e  new l i g h t  we igh t  a i r c r a f t  s t r u c t u r a l  ma te r i a l s  such a s  t h e  

mdgnesium-lithium a l l o y  LA14l.A can b e  u s e d ,  w i t h  a d e n s i t y  of  0.049 lbs. 

p e r  c u b i c  i n c h ,  a n  immediate r e d u c t i o n  of t h e  c e l ,  s t a c k  o f  a b o u t  4-5 

l b s .  i s  p o s s i o i c .  

d i ' n y s  i s  ga in ing  r a p i d l y ,  and i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n  would 

The use  o f  t h i s  and o t h e r  s imilar  magnesium-lithium 
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depend on the development o f  a s u i t a b l e  n i c k e l  p l a t i n g  p r o c e s s  f o r  

p r o t e c t i o n  a g a i n s t  e l e c t r o c h e m i c a l  a t t a c k .  O the r  d e s i g n  improve- 

ments i n  t h e  c e l l  s t a c k  b o l t s  and end c a p s  a r e  c e r t a i n l y  p o s s i b l e  

w i t h  improved h i g h  s t r e n g t h ,  l i g h t  we igh t  ma te r i a l s ,  t he reby  

making a n o t h e r  2-3 l b .  r e d u c t i o n  i n  w e i g h t  f e a s i b l e .  T h e r e f o r e ,  

t he  minimum we igh t  o f  a 600 w a t t  hour c a p a c i t y  c e l l  s t a c k  i s  

p robab ly  on t h e  o r d e r  o f  16-18 l b s .  a s  compared t o  t h e  p r e s e n t  

a v e r a g e  o f  abou t  25 l b s .  

The g a s  tankage i s  t h e  o t h e r  most c r i t i c a l  we igh t  e lement  

o f  t h e  s y s t e m .  The e x i s t i n g  tank d e s i g n  f o r  a 500 w a t t  u n i t  would 

u t i l i z e  t h e  6061-T6 aluminum a l l o y  w i t h  a working y i e l d  s t ress  

of  33,000 p s i ,  and a d e n s i t y  of 0 .1  1bs.Jcu. i nches .  There a p p e a r  

t o  be s e v e r a l  a l t e r n a t i v e  m a t e r i a l s  which cou ld  make s i g n i f i c a n t  

r e d u c t i o n s  i n  t h e  p r e s e n t  tank c o n f i g u r a t i o n  which a p p e a r s  t o  

weigh abou t  12-15 l b s .  I f  one o f  t he  s t r u c t u r a l  t i t a n i u m  a l l o y s  

could be n i c k e l  p l a t e d ,  o r  coa ted  w i t h  a n  i n e r t  ma te r i a l  such a s  

t e f l o n ,  t o  p r o t e c t  a g a i n s t  spontaneous r e a c t i o n  i n  t h e  p u r e  oxygen 

environment ,  t hen  a d e s i g n  working stress o f  100,000 p s i  can b e  

used w i t h  a m a t e r i a l  d e n s i t y  of 0.160 lb s . / cu  i n . ;  t h e r e b y  r e s u l t i n g  

i n  a t ank  wa l l  t h i c k n e s s  o f  approx ima te ly  0.030". The we igh t  o f  

t h e  g a s  s t o r a g e  tankage u t i l i z i n g  t i t a n i u m  would t h e r e f o r e  be a b o u t  

7-8  l b s .  i n c l u d i n g  f l a n g e s .  

A s  a n o t h e r  approach ,  i f  one o f  t h e  new h i g h  s t r e n g t h  

weldable  aluminum a l l o y s  such a s  Kaiser 7039, o r  Alcoa X-7106 p roves  

t o  be  s a t i s f a c t o r y  a t  o p e r a t i n g  t e m p e r a t u r e s  o f  250 F ,  t hen  a d e s i g n  

y i e l d  s t ress  of  45,000 p s i  would be a v a i l a b l e .  These materials can 

be expected t o  have a l l  of  the d e s i r a b l e  p r o p e r t i e s  o f  t h e  o l d e r  

0 

aluminum a l l o y s ,  and would r e s u l t  i n  a g a s  t ankage  we igh t  of  10 l b s .  

Another  a l t e r n a t i v e ,  and probably t h e  most a t t r a c t i v e ,  c o n s i d e r s  t h e  

u s e  o f  t h e  new beryllium-aluminum a l l o y s  developed by Lockheed 

M i s s i l e s  and Space,  and r e c e n t l y  l i c e n s e d  t o  t h e  Brush Bery l l i um 

Company. These a l l o y s  v a r y  i n  p e r c e n t a g e  from 25-45 weigh t  p e r c e n t  
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o f  aluminum w i t h  t h e  remainder pu re  b e r y l l i u m .  They a p p e a r  t o  have 

good d u c t i l i t y  and c o r r o s i o n  r e s i s t a n c e ,  and a l s o  a r e  s u f f i c i e n t l y  

we ldab le  t o  be used f o r  tank d e s i g n .  The main advan tage  of  t h e s e  

a l l o y s  i s  a working y i e l d  s t ress  o f  70,000 p s i  w i t h  a d e n s i t y  o f  

0.074 lbs . /cu i n .  I f  t h i s  m a t e r i a l  becomes a v a i l a b l e  and can be 

used i n  t h i s  a p p l i c a t i o n ,  i t  would r e s u l t  i n  a t o t a l  t ank  we igh t  

o f  6 l b s .  i n c l u d i n g  f l a n g e s .  The l a s t  a l t e r n a t i v e  c o n s i d e r e d ,  

i n v o l v e s  the u s e  o f  g l a s s  f i l a m e n t  wound t a n k s .  Although t h e  

p r e s e n t  technology h a s  r e s u l t e d  i n  v e r y  h i g h  s t r e n g t h  t o  we igh t  

r a t i o  c o n f i g u r a t i o n s ,  i t  i s  n o t  b e l i e v e d  t h a t  t h e s e  t a n k s  a r e  

p r a c t i c a l  f o r  t h i s  a p p l i c a t i o n  a t  t h i s  t i m e .  The two f a c t o r s  

which i n f l u e n c e  t h i s  c o n c l u s i o n  a r e  t h e  u n p r e d i c t a b l e  e f f e c t  o f  

t e m p e r a t u r e  c y c l i n g  on t h e  s t r e n g t h  c h a r a c t e r i s t i c s  of  t h e  g l a s s  

f i l a m e n t  s t r u c t u r e ,  and second ly ,  t h e  h e a t  t r a n s f e r  r equ i r emen t s  

o f  t h e  f u e l  c e l l  assembly whereby a h igh  the rma l  c o n d u c t i v i t y ,  b o t h  

a x i a l l y  and r a d i a l l y ,  on t h e  t ank  s t r u c t u r e  i s  d e s i r a b l e  f o r  h e a t  

r e j e c t i o n  purposes.  However, i t  i s  l i k e l y  tha t  w i t h  c u r r e n t  

developments underway, a h i g h  t empera tu re  m e t a l l i c  f i l a m e n t  wound 

tank w i l l  become f e a s i b l e  f o r  t h i s  a p p l i c a t i o n  i n  t h e  n e a r  f u t u r e ,  

u t i l i z i n g  some o f  t h e  h igh  t empera tu re  r e s i n s  a n d  a d h e s i v e s  p r e s e n t l y  

b e i n g  developed. 

The c o n c l u s i o n s  d e r i v e d  from t h i s  p r e l i m i n a r y  s t u d y  of  

t r e n d s  i n  performance a r e  s i g n i f i c a n t .  The minimum we igh t  o f  a 600 

w a t t  hour r e g e n e r a t i v e  f u e l  c e l l  assembly u s i n g  t h e  most p r a c t i c a l  

advanced s t r u c t u r a l  materials which could become a v a i l a b l e  i n  t h e  

nex t  2 - 3  y e a r s ,  a p p e a r s  t o  be  a lower l i m i t  o f  a b o u t  20 l b s . ,  and a 

l i k e l y  weight  o f  abou t  2 5  l b s .  Th i s  would r e s u l t  i n  a system ene rgy  

t o  we igh t  r a t i o  of  24 w a t t  h o u r s  p e r  l b .  I f  t h e  c a p a c i t y  o f  t h e  

e x i s t i n g  c e l l  s t a c k  could be  i n c r e a s e d  by improving t h e  water 

s t o r a g e  c a p a b i l i t y ,  t h e  energy t o  we igh t  r a t i o  o f  t h e  system cou ld  

p robab ly  be r a i s e d  t o  a t  l eas t  30 w a t t  h o u r s  p e r  l b .  This a p p e a r s  

t o  be a r easonab le  g o a l  f o r  a r e g e n e r a t i v e  f u e l  c e l l  b a t t e r y  o p e r a t i n g  

a t  100 C a f t e r  a development p r o t o t y p e  h a s  been completed and 0 
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r e l i a b l e  c y c l i c  o p e r a t i o n  i s  achieved.  Fo r  the  f o r e s e e a b l e  f u t u r e ,  

t h i s  system a p p e a r s  t o  be  s i g n i f i c a n t l y  s u p e r i o r  t o  o t h e r  secondary 

b a t t e r i e s  on a n  energy/weight  b a s i s .  
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4 .  CONCLUSIONS 

The major t e s t  o b j e c t i v e  o f  t h e  Phase I p o r t i o n  o f  t h e  program, 

i . e . ,  con t inuous  o p e r a t i o n  o f  a 6 c e l l  r e g e n e r a t i v e  u n i t  f o r  48 h o u r s  

a t  > 75 w a t t  h a s  been ach ieved .  In a d d i t i o n ,  l a r g e  improvements i n  

performance have been ach ieved  w i t h  s i n g l e  c e l l  t es t s ,  i n d i c a t i n g  

h i g h e r  prrfvrrnance i e v e i s  can be ach ieved  w i t h  m u l t i - c e l l  u n i t s .  

D i f f i c u l t i e s  encoun te red  i n  e l e c t r o l y t e  consumption a p p e a r  t o  have 

been r e so lved .  P r e l i m i n a r y  d e s i g n s  f o r  a 500 w a t t ,  600 w a t t - h o u r  

u n i t  i n d i c a t e  t h a t  15 w a t t  hour s  p e r  pound can  be a c h i e v e d .  A 20 w a t t  

hour p e r  pound u n i t  i s  a t t a i n a b l e  i f  t h e  u s e  o f  c e r t a i n  h igh  s t r e n g t h  

t o  weight  m a t e r i a l s  can b e  u t i l i z e d .  
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5. PLANS FOR THE NEXT QUARTER 

Having completed Phase I ,  major  emphasis w i l l  b e  s h i f t e d  t o  

d e s i g n i n g  and f a b r i c a t i n g  a 500 w a t t ,  600 wa t t -hour  u n i t .  I n  o r d e r  

t o  a c h i e v e  t h e  performance r e q u i r e d ,  a n  a d d i t i o n a l  s i n g l e  and s i x  

c e l l  t e s t  ser ies  w i l l  b e  r e q u i r e d .  T h i s  se r ies  w i l l  i n c l u d e  t e s t s  

t o  (a )  o p t i m i z e  a s b e s t o s  m a t  geometry and e l e c t r o l y t e  c o n t e n t ,  

(b) e v a l u a t e  long term c y c l e  e f f e c t s  ( c )  i n c r e a s e  c a t a l y s t  l o a d i n g  

and (d) se l f  d i s c h a r g e  e f f e c t s .  

I t  i s  a n t i c i p a t e d  t h a t  the d e s i g n  o f  t h e  f i r s t  500 w a t t  u n i t  

w i l l  be  completed by J a n u a r y  31 ,  1965. 

been o b t a i n e d ,  t h e  v a r i o u s  components w i l l  be  f a b r i c a t e d .  I n i t i a l  

assembly o f  t h e  f i r s t  500 w a t t  u n i t  should o c c u r  e a r l y  i n  the 

second quar te r  o f  1965. 

A f t e r  d e s i g n  a p p r o v a l  h a s  
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